Background: Evaluation of evidence for efficacy of orphan medicinal products (OMPs) for rare malignancies may be hampered by the use of tumor measurements instead of clinical endpoints. This may cause efficacy data to not always match effectiveness in the real-world. We investigated whether an efficacy-effectiveness gap exists for oncologic OMPs and aimed to identify which factors contribute to it. Also, the magnitude of the clinical efficacy of oncologic OMPs was evaluated. Methods: We included all oncologic OMPs authorized in the European Union from 2000 to 2017. Pivotal studies were evaluated by means of the European Society for Medical Oncology -Magnitude of Clinical Benefit Scale (ESMO-MCBS). To estimate real-world effectiveness, a literature search was performed to identify post-marketing studies, of which data on overall survival (OS) were extracted. OS of the new OMP was compared with OS data of standard of care. An OS gain of ≥3 months compared to pre-marketing data was considered clinically relevant. Results: Twenty OMPs were included, of which 5 were authorized based on OS as a primary endpoint. 10 OMPs had post-marketing data available, of which 40% did not show a clinically relevant OS gain in the real world. All OMPs that were studied with OS as primary endpoint in the pivotal study had a clinically relevant OS gain in the real world. Furthermore, all OMPs that had a high ESMO-MCBS score and post-marketing data available, resulted in a clinically relevant OS gain in the real world. Conclusions: Although the sample size is small, our results indicate an efficacy-effectiveness gap for oncologic OMPs exists. Significant changes in PFS do not always lead to an increased OS. The use of PFS may be justified, but validation of surrogate endpoints is needed.
Background
Cancer accounts for 14 million new cases and over 8 million cancer related deaths worldwide per year [1] . Since the cancer burden is expected to rise to 22 million new cases annually within the next two decades [2] , there is a need for the development of new, effective oncologic drugs that can reach patients timely. However, in the case of rare cancers, the small consumer's market offered little attraction to the pharmaceutical industry. To stimulate development of drugs for rare ('orphan') diseases, orphan drug ('orphan medicinal product' , OMP) legislation was enacted in the EU in 2000 (Table 1 ). This legislation is similar but not identical to orphan drug legislation in the United States or Japan, and consists of several incentives, such as 10 years of market exclusivity after authorization of the drug, and reduction of registration costs. Stimulating orphan drug development by introducing incentives has led to a significant increase in the amount of OMPs. Although assessment of efficacy for OMPs and non-OMPs are generally similar, differences may exist with regard to clinically relevant endpoints used [3] . Tumor measurements ( Table 2 ) that are not validated as surrogate endpoints for overall survival (OS) are being used with increasing frequency over the past years, while the use of OS as a primary endpoint is declining. Although both the United States Food and Drug Administration (FDA) and the European Medicines Agency (EMA) agreed that OS is the most reliable and persuasive outcome [4, 5] , progression free survival (PFS) is broadly used in studies. Using tumor measurements instead of clinical endpoints requires a smaller trial population and a shorter followup to show statistical significant evidence on efficacy. However, the drawback of allowing tumor measurements to be the basis for approval of OMPs, is that efficacy data do not always match real-world effectiveness, a phenomenon that is called the 'efficacy-effectiveness gap'. Literature shows that, for example, PFS, is not always a good surrogate for OS [6] . Also, a previous study on oncologic OMPs approved by the FDA showed that two-thirds of the approvals were based on an improvement on a surrogate endpoint (such as PFS) [7] . Of these, 86% had unknown effects on OS or failed to show gains in survival after several years of follow-up [7] .
Based on this, it may be discussed whether the use of PFS as an endpoint is preferable or not. Finally, randomized controlled trials are often performed on a homogenous population, from which patients with comorbidities are generally excluded for the sake of study feasibility [8] . Through the strict in-and exclusion criteria, the external validity of trials may be called into question; patients treated in routine practice may have shorter survival and more toxicity than patients treated in the context of a clinical trial [9, 10] .
For this study, we aimed to explore whether there is a difference between efficacy and effectiveness of oncologic OMPs approved in the EU and to evaluate which factors contribute to the efficacy-effectiveness gap. We herewith aim to provide possible solutions for regulators, academia and industry on how to bridge this gap. Although similar studies were performed for oncology drugs approved by the EMA and FDA, these did not focus on orphan drugs and did not always include post-marketing data [7, 11, 12] . In light of the increasing discussion about orphan drugs and their prices, this study could be of high societal value. Furthermore, in this study we additionally aimed to rank the magnitude of the clinical efficacy of oncologic OMPs at the time of marketing authorization by using the European Society for Medical Oncology -Magnitude of Clinical Benefit Scale (ESMO-MCBS).
Methods

Efficacy
All oncologic OMPs that were authorized by the European Commission in the EU from the implementation of EU orphan drug legislation in 2000 until January 1st 2017 were included in our study, by consultation of the 'Community register of orphan medicinal products for human use' of the European Commission. OMPs that were withdrawn from the EU market or removed from the community register at the end of the 10-year market exclusivity were also included. Both initial marketing authorizations (the first disease for which an OMP was marketed) and extensions (subsequent diseases for which authorization was extended) were included. OMPs that were designated 'orphan status' , but had not (yet) received EMA marketing authorization, were not included. All the pivotal studies that led to marketing authorization of oncological OMPs were evaluated by means of 'COMPASS' (Clinical evidence of Orphan Medicinal Products -an ASSessment tool) [13] . This tool was developed to assess the quality of OMP's clinical evidence and mainly focuses on study design and methods. It was not developed to score the quality of clinical evidence, but rather to provide guidance on assessing the value of clinical evidence [14] . One author (YS) completed all COMPASS assessments. If uncertainty existed, The European Commission is responsible for authorizing OMPs in the European Union (EU), after careful evaluation of the OMP's benefits and risks by the European Medicines Agency. An OMP is a drug that is indicated for the treatment of a rare disease with a prevalence of < 5:10000. A centralized procedure allows applicants to obtain a marketing authorization that is valid throughout the EU as well as in the European Economic Area, and is compulsory for the authorization of OMPs and medicines containing a new active substance to treat cancer [64] . Marketing authorizations may be 'full' (sufficient comprehensive data are available), 'conditional' (benefit of immediate authorization outweighs the risk of less comprehensive data than normally required, but additional data are expected to be generated in the future) or 'exceptional' (authorization is granted even though comprehensive data are not expected to be obtained after authorization) [65] . Table 2 Definitions of endpoints [4, 5] Although OS seems to be the most reliable outcome, other frequently used outcomes include tumor measurements and biomarkers. PFS or DFS may be considered to be of benefit to the patient, but they are often not validated as surrogate outcomes for OS. The validation of tumor measurements and biomarkers as surrogates for survival is difficult. For each indication separately, robust evaluations are needed to investigate whether a correlation exists between effects on survival and tumor measurements or biomarkers. For the sake of clarity, categories of endpoints as used in this manuscript are stated below. another author (MB) was consulted, with whom the questions were discussed until consensus was achieved [14] .
Whether the study population was a reliable reflection of the patient population, was evaluated based on Eastern Cooperative Oncology Group (ECOG) performance status. In case a Karnofsky status was used, this was converted into ECOG performance status according to the following categories: Karnofsky 90-100 = ECOG 0, Karnofsky 70-80 = ECOG 1, Karnofsky 50-60 = ECOG 2, Karnofsky 30-40 = ECOG 3 [15] . A study population that consisted only of patients with ECOG performance status 0-1 was considered not to be a reliable reflection of the total patient population.
Additionally, the ESMO-MCBS was used to rank the magnitude of the clinical efficacy of the oncologic OMPs that were marketed [16] . ESMO-MCBS can be used to assess drugs for the treatment of solid cancers, and it can only be applied to either randomized or comparative cohort studies evaluating the relative benefit of treatments using outcomes of survival, quality of life (QoL), surrogate outcomes for survival or QoL, or treatment toxicity. Different forms are used to evaluate drugs: [16] Form 1 is used for curative (neo)adjuvant therapies and uses a scale with grades A, B, or C, of which grades A and B represent a high level of clinical benefit. Form 2 is divided into 3 sub forms and is used for palliative interventions. Form 2a is used for studies with OS as primary outcome, form 2b for studies with PFS or time to progression (TTP) as primary outcome, and 2c for studies with QoL, toxicity or objective response rate (ORR) as primary outcome as well as for non-inferiority studies. The scale in form 2 is graded 1-5, where grades 5 and 4 represent a high level of clinical benefit [16] . All pivotal studies were scored by one researcher (YS). In case of doubt, a second researcher (MB) was consulted.
Effectiveness
For each oncologic OMP included in our study, a review of the literature was conducted in the Medline database in January 2017 to search for post-marketing studies. Search terms included the OMP's generic and trade name, disease name and alternative notations. Randomized controlled trials, observational studies, and, if these were not available, case series were included, as were follow-up data of pivotal studies that were published after marketing authorization. Articles were only included if the OMP was used according to the authorized indication. Studies for which no full text was available were excluded from our analysis, as were studies that only evaluated a subset of the patients of the pivotal study. Point estimates of OS data of standard of care were obtained from European Public Assessment Reports (EPARs) or the introduction section of the pivotal study. If not available, scientific literature was consulted. Point estimates of OS data were extracted from all post-marketing studies. In order to analyze the magnitude of OS gain, the lowest point estimate of post-marketing OS was compared to the highest point estimate of pre-marketing OS data from standard of care (before the OMP was authorized). This was considered to be the most appropriate approach to identify a reliable OS difference. Subsequently, the real-world effectiveness of each OMP was categorized as follows: 1) no demonstrated increase in OS, 2) gain in OS, but of unknown magnitude, 3) gain in OS of < 3 months, 4) gain in OS of ≥3 months [17] . We considered an OS gain of ≥3 months as clinically relevant, which is in line with both the National Institute for Health and Care Excellence (NICE) and the Dutch Committee of Oncologic Drugs [18] . The former generated advice on 'appraising life-extending, end of life treatments' , to be taken into account when appraising treatments which may be life-extending for patients with short life-expectancy. The latter gives a positive advice only when the (progression-free) survival gain is 12 weeks. This advice does not take into account the prevalence of the indication.
Data analysis
For the purpose of the analyses, the real-world effectiveness was dichotomized into 'no or unclear effect' (no OS gain, OS gain of unknown magnitude or OS gain < 3 months) or 'good effect' (OS gain ≥3 months). To assess the presence of an efficacy-effectiveness gap, the percentage of OMPs that had 'no or unclear effect' in the real-world was calculated. COMPASS variables (i.e. type of primary endpoint, performance status, type of marketing authorization, study phase, study power, early study termination and randomization) were used to investigate which determinants were associated with a 'good effect' in the real-world setting. In addition, we evaluated whether the ESMO-MCBS can be used to predict OS gain in the real world. For this analysis, ESMO-MCBS scores were dichotomized into 'clinically beneficial' (grades A/B (form 1), or 4/5 (form 2)) or 'not beneficial' (grade C (form 1), or 3/2/1 (form 2)). These scores were subsequently compared to the effect in the real world (i.e. 'no or unclear effect' or 'good effect'). Descriptive statistics were used due to the small number of OMPs included. All analyses were performed using IBM SPSS Statistics version 22. Table 3 represents an overview of all OMPs that were marketed from 2000 until the 1st of January 2017. Sixteen OMPs were marketed for 15 indications, based on 24 pivotal studies. One OMP (Gliolan®, 5-aminolevulinic acid hydrochloride) was excluded from the analyses, since it is used as a tool aimed at improving surgical resection of gliomas. Since some OMPs were authorized for more than one indication, they were counted twice or thrice. The results presented here hence include a total of 20 OMPs for 14 indications, based on 23 pivotal studies. Table 4 shows the most important findings of the COM-PASS tool. A mean of 431 patients were included in the n/a n/a n/a n/a > 500 n/a n/a 
Results
Efficacy -COMPASS tool
Efficacy -ESMO-MCBS
Effectiveness -OS gain in the real-world setting
For the analysis of real-world effectiveness and the efficacy-effectiveness gap, ten OMPs were excluded from our analysis, since either no post-marketing studies were performed, or OS gain could not be determined due to a lack of standard of care data. Of the remaining 10 OMPs, 59 post-marketing studies were identified. Table  5 and Additional file 2 provide an overview of these studies and their results.
Efficacy-effectiveness gap
For 2 OMPs (2/10, 20%) no OS gain in the real world setting was found, 2 OMPs (2/10, 20%) had OS gains of unknown magnitude and none had OS gains of < 3 months, making a total of 4 OMPs (4/10, 40%) with 'no or unclear effect' in the real-world, and 6 out of 10 OMPs (60%) with a 'good effect' (OS gain ≥3 months) ( Table 5 ).
Determinants of a clinically relevant gain in OS in the real world
COMPASS variables and ESMO-MCBS scores were used to determine which factors predict a 'good effect' (OS gain ≥3 months) in the real world. Results are shown in Tables 6, 7, 8 and 9 . With respect to the COMPASS variables, all 3 OMPs that used OS as primary endpoint in the pivotal study, had a 'good effect' in the real world setting. The OMP that used a surrogate for OS in the pivotal study, showed no OS gain in the real world. Contrarily, of the 6 OMPs for which a tumor measurement (PFS, RFS, TTP, ORR) was used as primary endpoint in the pivotal study, 3 (3/6, 50%) had a 'good effect' in the real world. OMPs that were granted a full marketing authorization were effective in 3 of the 4 cases (75%). This is higher than OMPs that were granted a conditional or exceptional marketing authorization, where only 3/6 (50%) showed a good real-world effectiveness. None of the 2 OMPs that were authorized based upon underpowered studies showed a good effect post-marketing, while 75% of the well-powered studies showed a good effect. Although differences were observed, none of the above described associations showed statistical significance in the Fisher's exact test. The other COMPASS variables (performance status, study phase, randomization and early study termination) did not show a relevant association with an OS gain of ≥3 months in the real-world setting (percentage difference ≤ 25%, data not shown). All OMPs that were considered 'clinically beneficial' according to the ESMO-MCBS showed a 'good effect' post-marketing, while only 3 of the 7 OMPs (43%) that were 'not beneficial' according to the ESMO-MCBS showed a 'good effect' (Table 6 ).
Discussion
We aimed to investigate the presence of an efficacy-effectiveness gap of oncologic OMPs authorized in the EU, and its contributing factors. Despite the small sample size, some general conclusions can be drawn from our data: 40% of the OMPs included in our analysis did not show a clinically relevant gain in OS in the real-world setting, and only 25% of the OMPs had a high level of proven clinical benefit at time of marketing authorization according to the ESMO-MCBS scale. This illustrates that the extent to which results from pivotal trials translate into the general patient population is uncertain, which has also been shown by another study [7] . While this previous study focused on cancer drugs approved by the FDA on the basis of a surrogate endpoint, our study concentrates on orphan oncology drugs approved by the EMA.
Choosing the right endpoint
Our study showed that half of the oncologic OMPs that were approved on the basis of an effect on a tumor measurement did not show a significant improvement in OS. The use of endpoints other than OS in clinical studies remains an important matter of discussion, since improvements in PFS do not always translate into a similar improvement in OS in the real-world setting. This discrepancy between PFS and OS may be explained by several factors, including the finding that some drugs can delay progression, but can also lead to changes in tumors, producing a more aggressive phenotype after treatment [6] . Using PFS as a surrogate for OS is only justifiable if it is validated as a surrogate endpoint. To date, hepatocellular carcinoma, advanced colon carcinoma and ovarian cancer are the only indications for which strong validation evidence is available [41, 42] . For other tumor types (e.g. breast cancer) PFS has been suggested to be a suitable surrogate endpoint, but further evidence is needed to support this [41] . To validate a surrogate endpoint, a meta-analysis has to be performed, in which evidence from several studies that measure OS without confounding is combined [41] . Thus, the use of PFS is to be discouraged unless validation studies have demonstrated that it translates into a better OS for the disease under study [43] . If this is considered unfeasible given the rare nature of the indication, post-marketing obligations are needed to encourage the marketing authorization holder to demonstrate OS gains after marketing authorization. This is also discussed below.
But even the use of OS has its limitations: the practice of crossover after disease progression and the confounding effect of 2nd and 3rd line treatment options that are administered after disease recurrence which may occur during or after study termination may hamper the determination of OS. Also, in slowly progressive cancers (e.g. gastrointestinal stromal tumor, neuroendocrine tumors), OS may not be the most realistic and appropriate primary endpoint. In these cases, the use of a (validated) surrogate endpoint may be the second best option [44] . These considerations are strictly related to the specific oncological condition. In view of the above, alternative endpoints should be considered.
Quality of life and toxicity
Over the past years, the social debate has focused increasingly on QoL of cancer patients, instead of just improvements in OS. QoL or toxicity, which are likely to be related to each other [5] , therefore seem to be attractive alternatives to improved OS. Although QoL as the only outcome measure of effectiveness might not be desirable, evaluating QoL and toxicity in combination with survival measures could be of great value. Especially when OS effects are only small, it is important to place them in context with treatment toxicity and QoL [45] . A longer PFS with a good QoL may be considered as clinically relevant despite a lack of effect on OS. Proof of an association between PFS and QoL is still scarce; while some studies report weak or insufficient evidence of an association, others show that tumor progression in patients with lung cancer is associated with statistically significant worsening in QoL [46] [47] [48] .
For tumor types for which PFS is not yet a validated surrogate for OS, it is interesting to investigate whether the treatment under investigation does lead to an improved QoL or prevent serious deterioration in QoL. In this regard, it is remarkable that QoL data are inadequately reported in the majority of the studies included in our analysis. Earlier studies have also shown that QoL has generally not been well reported in clinical trials [49, 50] . Although toxicity is compulsorily reported in registration dossiers and generally reported in studies, this is usually not done in relation to QoL [51] . Future studies should therefore focus on measuring QoL, also in relation to toxicity, using appropriate patient-reported outcome measures.
Post-marketing follow-up
The results from our research indicate that OMPs that are granted a conditional or exceptional marketing authorization are less often effective in the real-world (i.e. an OS gain ≥3 months) than OMPs that were granted a full marketing authorization. It is therefore important that post-marketing studies (clinical trials, observational studies or disease registries) of sufficient quality and in a broader patient population are performed in case of conditional or exceptional approval. However, research has shown that two thirds of the post-marketing studies reported results after their original FDA report submission deadline, and the results were often briefly described and difficult to categorize [52] . Although compliance of conducting such studies by marketing authorization holders in the EU was never thoroughly investigated, it is known that half of the post-marketing studies attached to a conditional marketing are completed with a substantial delay [7, [53] [54] [55] [56] . In the past, some OMPs were withdrawn from the market due to serious safety concerns [57] , but it seems more problematic to remove an OMP from the market due to questionable efficacy in general and lack of an improvement in OS more specifically in the post-marketing setting [49] . In order to establish what represents sufficient evidence at time of marketing authorization and in the post-marketing period, it is important to involve regulators and industry, but also academics and patients early in the drug development process. Approving an OMP based on an effect on a tumor measurement may be acceptable if strict regulations require data on clinical outcomes in the post-marketing phase. Also, regarding the difficulties involving OMP development, it has to be agreed upon in an early phase what constitutes a suitable study design. Several databases exist with publicly available data on survival associated by age, sex, race, year of diagnosis, and geographic area (Netherlands Comprehensive Cancer Organization and the Surveillance, Epidemiology, and End Results Program). However, these databases do not provide information on the previous treatments and their outcome for each patient included in the database [58] . This information would especially be of importance in OMPs that are authorized to be used as a 2nd or 3rd line therapy. Also, a priori defined analysis of OS data in patient subgroups could provide additional important information. Therefore, initiatives such as the National Cancer Knowledge System, which is part of the US Precision Medicine Initiative® and which integrates genomic information from tumors with clinical response data, should be highly encouraged [59] .
Bridging the efficacy-effectiveness gap: Future recommendations
As shown by the ESMO-MCBS scores, all OMPs of which the pivotal studies showed a high level of clinical benefit (scores A, B, 5 or 4), are effective in the real world. This finding suggests that the ESMO-MCBS results may be used by the regulators in the assessment of clinical trial data, but also by others in clinical guideline development and health technology assessment (HTA)-analyses. Although ESMO-MCBS takes into account QoL and toxicity, these outcomes are not always reported well in the literature. Therefore, future studies should put greater emphasis on measuring and reporting QoL and toxicity.
Signals for the need of a better alignment between the data requirements of both the regulators and HTA bodies, with the aim of bridging or at least reducing the efficacy-effectiveness gap, have resulted in several recent initiatives by the EMA in the past years. First, a pilot was started on a novel way of marketing authorization, the so-called 'adaptive pathway'. This approach addresses the issue of subpopulations in orphan diseases. A marketing authorization is first granted to a small, well-defined subpopulation in which the drug is proven to be effective. With additional evidence, the target population may be broadened [60] . As long as it is unclear whether a new OMP is effective in a broader population, strict prescription rules should be applied. The idea is that the HTA decisions are taken stepwise accordingly. In another initiative, called PRIority MEdicines (PRIME), early dialogue with HTAs is less prominent. It does, however, offer early support to the pharmaceutical industry to optimize data generation and enables accelerated assessment of medicines that may offer a major therapeutic advantage over existing treatments, or a benefit to patients with no treatment options [61] . Up to July 2017, 6 oncological medicines are enrolled in a PRIME scheme. Another important development by the EMA is the 'real-world evidence' initiative, which aims to collect data on effectiveness outside the constraints of conventional randomized clinical trials (e.g., biobanks, insurance data, registries) [62] . By collecting real-world evidence throughout the lifecycle of a drug, decision-making for regulators and HTA bodies will eventually be improved. For post-marketing OMP registries, criteria have been proposed to improve their quality and value [63] .
Limitations
The most important limitation of the current study is the small sample size, which hampered the performance of statistical analyses. Furthermore, post-marketing OS data were only available for half of the OMPs, which made it challenging to draw conclusions on which factors contribute to the efficacy-effectiveness gap. The absence of post-marketing studies is remarkable, but might be explained by the rapid development of new drugs for each indication, making post-marketing studies on 'old' drugs less interesting to be performed. Because data in international cancer databases were not sufficiently accurate, these data were not suitable to be included in our study. The lack of data on treatment outcomes does, however, underline the need for more complete databases.
The 3 month cutoff that was chosen for determination of a clinically relevant change in OS might seem arbitrary, but was derived from the NICE 'guideline on appraising life-extending, end of life treatments' (for patients with a life expectancy < 24 months). Since the majority of the included OMPs in our study was authorized for advanced, progressive or metastasized cancers, we believe this cutoff is justified.
